Introduction {#sec1}
============

Over the past decade, genome-wide analyses of mammalian transcriptomes discovered that more than 50% of transcripts are not translated into proteins but act as transcriptional noise or functional RNAs, including non-coding RNA (ncRNA).[@bib1], [@bib2] Generally, ncRNAs are divided into small or short ncRNA and long ncRNAs (lncRNAs). lncRNAs are usually identified as having an arbitrary minimum length of 200 nt and mostly have weak protein coding potential with lower expression levels than mRNA.[@bib3], [@bib4] In recent years, a large number of lncRNAs has been identified in eukaryotic organisms from nematodes to humans,[@bib5], [@bib6], [@bib7], [@bib8], [@bib9] and research is now concentrating on exploring their functions, revealing that lncRNAs play diverse roles in regulating biological processes such as cell differentiation,[@bib10], [@bib11], [@bib12] transcriptional regulation,[@bib13], [@bib14], [@bib15] and development[@bib16], [@bib17], [@bib18] as well as in some diseases.[@bib19], [@bib20], [@bib21]

Skeletal muscle tissue accounts for about 40% of adult human body weight and contributes to regulating metabolism and homeostasis. The formation and maintenance of muscle tissue are due to skeletal muscle myogenesis and regeneration. Numerous studies have demonstrated that lncRNAs regulates skeletal myogenesis and regeneration through versatile gene-regulatory mechanisms.[@bib22], [@bib23], [@bib24], [@bib25] The majority of lncRNAs are engaged in epigenetic or transcriptional regulation on chromatins via their ability to interact with chromatin regulators.[@bib22] For example, some lncRNAs assemble and recruit protein complexes, acting as a "molecular scaffold" to target genes, thereby activating or repressing transcription of target genes,[@bib23], [@bib26] whereas other lncRNAs act as decoys to sequester transcriptional regulators and suppress their activity.[@bib24], [@bib27] In addition, lncRNAs can also modulate post-transcriptional regulation in myogenesis, for example, by acting as sponges of microRNAs (miRNAs) to titrate them away from their target mRNAs; thus, they are called competing endogenous RNAs (ceRNAs).[@bib10], [@bib28] Others generated from the antisense strand of coding genes can directly regulate the mRNA translation of the coding gene.[@bib29], [@bib30] Moreover, several studies have demonstrated that some lncRNAs can encode micropeptides (\<100 amino acids) to play micropeptide-mediated roles.[@bib31], [@bib32] These findings demonstrate the critical role of lncRNAs in myogenesis through diverse regulatory mechanisms. Nevertheless, research regarding lncRNA involvement in myogenesis is still in its infancy, especially in livestock muscle differentiation; for example, in cattle.

Qinchuan cattle, known as the best Chinese yellow cattle, has excellent meat qualities.[@bib33], [@bib34] The aim of this study was to identify lncRNAs with potential roles in Qinchuan cattle muscle growth and development. In this study, the Ribo-Zero RNA sequencing (RNA-seq) method[@bib35], [@bib36] was used to analyze the fetus and adult *musculus longissimus* of Qinchuan cattle in the whole transcriptome with an unparalleled depth. 13,580 lncRNA candidates were obtained from cattle fetus and adult skeletal muscle samples, of which a number of lncRNAs were highly abundant, and 2,944 lncRNAs were differentially expressed between two developmental stages. We further characterize one abundant and muscle-specific lncRNA, termed muscle differentiation-associated lncRNA (MDNCR), which functions as a ceRNA for miR-133a and promotes myoblast differentiation and, thereby, augments the expression of its target gene GosB. Our study will extensively benefit the improvement of beef cattle breeding in China and provide new insight, describing the genetic mechanism of the excellent meat quality of Qinchuan cattle.

Results {#sec2}
=======

Profile of lncRNA Expression in Cattle Muscle {#sec2.1}
---------------------------------------------

To identify the putative transcripts in cattle skeletal muscle, six *longissimus* muscle samples were obtained from Qinchuan cattle at the fetus stage (90 days) and adult stage (24 months old). In total, we acquired 45∼57 and 52∼86 million unique mapped clean reads from the fetus stage and adult stage libraries, respectively ([Table 1](#tbl1){ref-type="table"}). A large number of lncRNAs was identified in cattle muscle according to the steps of the workflow shown in [Figure 1](#fig1){ref-type="fig"}A. A total of 13,580 candidates were identified, and 9,161 were commonly expressed, whereas 4,343 and 76 were stage-specific at the fetus and adult stages, respectively ([Figure 1](#fig1){ref-type="fig"}B; [Table S1](#mmc2){ref-type="supplementary-material"}). According to the cuffcompare classes, we found that most of the candidates (12,957) aligned to intergenic regions (u) ([Table S1](#mmc2){ref-type="supplementary-material"}). We found that the distribution of detected lncRNAs is not uniform in chromosomes, but as a whole, the number of reads located in the chromosome increased with the increase in chromosome length ([Figure 1](#fig1){ref-type="fig"}C). Previous reports have shown that lncRNAs were shorter than protein-coding transcripts.[@bib36] As illustrated in [Figure 1](#fig1){ref-type="fig"}D and [Table 2](#tbl2){ref-type="table"}, the mean length of lncRNAs was 1,645 nt, which was shorter than the mRNA (2,405 nt). However, it is worth mentioning that only 410 lncRNAs have an expression level of FPKM (the number of uniquely mapped fragments per kilobase of exon per million fragments mapped) \> 1. The expression level of most lncRNAs (n = 13,490) was not higher than 50 spliced reads (FPKM; [Figure 1](#fig1){ref-type="fig"}E) and approximately 15-fold lower than that of the mRNA (1.7 versus 25.7).Table 1Summary of Reads Mapping to the Reference GenomeSamplesFetus 1Fetus 2Fetus 3Adult 1Adult 2Adult 3Raw reads111,340,382106,866,166134,501,982139,160,360101,780,186101,084,070Clean reads88,317,61680,238,976104,670,312108,467,67285,317,80284,111,208Mapped reads54,979,06049,922,18262,333,22588,546,66753,810,38358,188,271Mapping ratio68.31%68.17%70.01%84.18%83.67%84.47%Uniquely mapped reads50,334,91145,233,40157,170,37686,082,72452,330,65356,687,937Uniquely mapping ratio62.54%61.77%64.21%81.84%81.37%82.29%Figure 1Identification of lncRNAs in Cattle Skeletal Muscle Tissue(A) Workflow for the preparation and analysis of lncRNA libraries. (B) Venn diagram depicting different lncRNAs uncovered at two developmental stages (fetus and adult tissues). (C) Circos plot showing the distribution of lncRNAs in different chromosomes. (D) Size distribution of lncRNAs and protein-coding genes. (E) Comparison of the expression levels of mRNA and lncRNAs.Table 2Assembly Results of lncRNAsItemMin LengthMean LengthMedian LengthN50Max LengthlncRNA2001,6451,2811,701114,502mRNA2012,4051,8083,166103,350

Identification of Differentially Expressed lncRNA {#sec2.2}
-------------------------------------------------

We found that 2,944 lncRNAs were significantly different (p \< 0.05) between the fetus stage and adult stage libraries, and all differentially expressed lncRNAs are provided in [Table S2](#mmc3){ref-type="supplementary-material"}. The top 10 most highly expressed lncRNAs in the adult stage or fetus stage are shown in [Tables 3](#tbl3){ref-type="table"} and [4](#tbl4){ref-type="table"}, respectively. Of all differentially expressed lncRNAs, TCONS_00046501 showed the highest expression level of all upregulated lncRNAs, and TCONS_00238678 had the highest expression level of all downregulated lncRNAs in the adult sample compared with the fetus sample.Table 3The Top 10 Most Highly Expressed lncRNAs at the Adult StagelncRNA IDAdult (FPKM)Fetus (FPKM)log2 (Adult/Fetus)p ValueTCONS_00046501930.28161.6262.525012.60E−01TCONS_00238678734.742,070.16−1.494435.00E−05TCONS_00353988643.2445.77313.812795.00E−05TCONS_00076927491.098.897455.786445.00E−05TCONS_00203245475.980.489769.924621.03E−01TCONS_00046500324.10112.0411.532399.26E−02TCONS_00122369286.9012.44824.526521.95E−02TCONS_00158520276.3620.95123.721465.00E−05TCONS_00334157265.422.816026.558475.00E−05TCONS_00357835260.7214.18394.200161.22E−02Table 4The Top 10 Most Highly Expressed lncRNAs at the Fetus StagelncRNA IDAdult (FPKM)Fetus (FPKM)log2 (Adult/Fetus)p ValueTCONS_00238678734.742,070.16−1.494435.00E−05TCONS_00212257230.291,028.74−2.159355.00E−05TCONS_00212258230.291,028.74−2.159355.00E−05TCONS_00212256230.291,028.74−2.159351.00E−04TCONS_00208209136.48588.016−2.107155.00E−05TCONS_0000793826.15291.918−3.480912.80E−02TCONS_001735083.43267.587−6.287683.13E−01TCONS_0020821715.11234.682−3.957515.00E−05TCONS_001735102.01176.685−6.459313.97E−01TCONS_002407569.21173.395−4.234125.00E−05

To further identify the potential roles of lncRNA, see the clustered heatmap in [Figure S1](#mmc1){ref-type="supplementary-material"}. 826 lncRNAs were upregulated at least 2-fold, whereas 2,095 lncRNAs were downregulated when comparing adult with fetus muscle tissue (p \< 0.05; [Table S2](#mmc3){ref-type="supplementary-material"}). Scatterplot and volcano plot assays of lncRNA expression during muscle development showed that, from fetus stage to adult stage, many lncRNAs showed expression variation, and the fetus stage showed a clear preference for high lncRNA expression ([Figures 2](#fig2){ref-type="fig"}A and 2B).Figure 2Differentially Expressed lncRNAs in Cattle Skeletal Muscle(A and B) Scatterplot (A) and volcano plot (B) showing the correlation between abundance of individual lncRNAs at the fetus and adult stage. (C and D) Shown are the top 20 (C) gene ontology (GO) and (D) Kyoto Encyclopedia of Genes and Genomes (KEGG) terms of nearby mRNAs of significantly differentially expressed lncRNAs that were uncovered.

GO and KEGG Pathway Analysis {#sec2.3}
----------------------------

lncRNAs can regulate the expression of nearby protein-coding genes and, thus, may execute functions to embody in the related mRNAs. Differentially regulated mRNA gene ontology (GO) enrichment analysis can uncover the role of differentially expressed lncRNAs. In this study, 362 functional groups were categorized in GO enrichment of the nearby mRNA of significantly differentially expressed lncRNAs (p \< 0.05; [Table S3](#mmc4){ref-type="supplementary-material"}), and the top 20 GO functional annotations are shown in [Figure 2](#fig2){ref-type="fig"}C. In addition, our data showed that 190 pathways were enriched, and the proteasome (ko03050) had the highest level of significance with 14 annotated genes, followed by basal transcription factors (ko03022) and nucleotide excision repair (ko03420) (p \< 0.05; [Table S4](#mmc5){ref-type="supplementary-material"}). The top 20 enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways are presented in [Figure 2](#fig2){ref-type="fig"}D. The results indicate that these pathways may contribute significantly to skeletal myogenesis.

Co-expression of lncRNAs and mRNAs {#sec2.4}
----------------------------------

lncRNAs are a novel family of non-coding RNAs, and the potential for functionality of most lncRNAs is currently uncharacterized. To further investigate whether lncRNAs regulate transcription of their potential targets (*cis*-regulatory relationships), we performed a co-expression analysis of the genes 100 kb upstream and downstream of the candidate lncRNAs. In this study, the potential function of lncRNAs was predicted using the annotated co-expressed mRNA function. Ten lncRNAs were chosen to search their neighboring coding genes ([Figure 3](#fig3){ref-type="fig"}A). For example, upregulation of TCONS_00076927 had a maximum number of 12 nearby coding genes, whereas downregulation of TCONS_00238678 had only one adjacent coding gene (MRPL23) and was negatively correlated with expression levels of MRPL23. The co-expression network could provide valuable information regarding these lncRNAs' potential functionality in regulating neighboring coding genes.Figure 3Co-expression Network and Competing Endogenous RNA Network in Cattle Muscle Tissues(A) lncRNAs and their potential *cis*-regulated nearby genes are shown in the network. The large yellow nodes represent the upregulated lncRNAs, and the large green nodes represent the downregulated lncRNAs. The tiny red nodes indicate upregulated genes, and the tiny blue nodes indicate downregulated genes. (B) The network includes lncRNA-miRNA and miRNA-mRNA interactions; edges indicate sequence matching, and lncRNAs connect ties, suggesting miRNA-mediated mRNA expression.

ceRNA Network {#sec2.5}
-------------

lncRNAs, as miRNA sponges, may be members of ceRNAs, and we selected muscle development-related miRNAs and predicted their binding mRNAs. According to the common target miRNAs of lncRNAs and mRNAs, we constructed a ceRNA (mRNA-miRNA-lncRNA) network in cattle muscle with a total of 5 lncRNAs, 44 mRNAs, and 16 miRNAs ([Figure 3](#fig3){ref-type="fig"}B). This ceRNA network may provide a novel perspective for cattle skeletal myogenesis.

Identification of the lncRNA MDNCR as a Candidate lncRNA {#sec2.6}
--------------------------------------------------------

To identify specific lncRNAs displaying development-related changes in abundance, 15 differentially expressed lncRNAs were randomly selected and detected by real-time qPCR with 3 biological replicates. The normalized read counts of the selected 15 lncRNAs from the lncRNA-seq analysis are shown in [Figure 4](#fig4){ref-type="fig"}A. Validation of the lncRNAs by qPCR analysis exhibited upregulation and downregulation of these 15 lncRNAs ([Figure 4](#fig4){ref-type="fig"}B), and the chosen lncRNAs showed similar expression patterns between sequencing results and qPCR, suggesting that the lncRNA-seq data are highly accurate. The tissue expression assay showed that the expression of TCONS_00238678 was high in *longissimus* muscle, and its expression was much higher (146.7-fold) at the fetus stage compared with the adult stage, revealing potential roles in cattle muscle development ([Figure 4](#fig4){ref-type="fig"}B). We found that TCONS_00238678 was highly expressed in muscle tissue ([Figure 4](#fig4){ref-type="fig"}C). 5′ and 3′ rapid amplification of cDNA ends (RACE) analyses revealed that the full length of TCONS_00238678 was 1,974 nucleotides ([Figure 4](#fig4){ref-type="fig"}D; [Text S1](#mmc1){ref-type="supplementary-material"}). Finally, we focused on TCONS_00238678, which we renamed MDNCR, to further explore its role in skeletal myogenesis.Figure 4Validation of Putative lncRNAs(A) 15 lncRNAs that were selected because they exhibited significantly different expression patterns (as assessed with our RNA-seq approach) when comparing two development stages. (B) Validation of differential expression of lncRNAs using real-time qPCR; 15 lncRNAs confirmed the predicted pattern. (C) Expression levels of the candidate lncRNA TCONS_00238678 in different tissues of cattle fetus. (D) 5′ and 3′ RACE of TCONS_00238678 (renamed MDNCR) in muscle samples. Values are means ± SEM for three individuals.

MDNCR Acts as a ceRNA for miR-133a {#sec2.7}
----------------------------------

Given that lncRNAs regulate gene expression post-transcriptionally by acting as miRNA sponges,[@bib10], [@bib28] we next explored the ability of MDNCR-binding miRNAs. We transfected pcDNA-MDNCR into cattle primary myoblasts and found that MDNCR overexpression led to a more than 40-fold induction of MDNCR RNA ([Figure 5](#fig5){ref-type="fig"}A). The RNAhybrid and TargetScan software packages were used for miRNA binding analysis and suggested that MDNCR had 32 putative miR-133a binding sites ([Figure 5](#fig5){ref-type="fig"}B; [Text S2](#mmc1){ref-type="supplementary-material"}). To determine the binding between MDNCR and miR-133a, we generated a miR-133a sensor by inserting two copies of the miRNA-133a complementary sequence downstream of the Rluc gene of the psiCHECK-2 vector ([Figures 5](#fig5){ref-type="fig"}C--5E). We found that miR-133a markedly decreased the Rluc activity of the miR-133a sensor and pCK-MDNCR-W in HEK293T cells. MDNCR recovered the reduced Rluc activity induced by miR-133a in a dose-dependent manner ([Figure 5](#fig5){ref-type="fig"}D), revealing that MDNCR could sponge miR-133a, thereby reversing the Rluc activity.Figure 5MDNCR Functions as a miRNA Sponge(A) Visualization of the efficiency of the MDNCR overexpression vector pcDNA-MDNCR by real-time qPCR. (B) RNAhybrid and TargetScan predicted miR-133a binding sites at 32 distinct positions in MDNCR. (C) The miR-133a sensor construct. (D) The miR-133a sensor was co-transfected with the miR-133a mimic and/or pcDNA-MDNCR into cattle primary myocytes. *Renilla* luciferase activity was normalized to firefly luciferase activity. (E) The miR-133a mimic was co-transfected with pCK-MDNCR-W into cattle primary myocytes. (F) Association of MDNCR and miR-133a with Ago2. Cellular lysates were used for the RIP assay with Ago2 antibody. MDNCR and miR-133a levels were detected using semiquantitative PCR. (G) Biotin-labeled miRNA was purified and subjected to RNA pull-down assays by incubation with cattle primary myoblast lysates, followed by qPCR analysis of the MDNCR level. Values are means ± SEM for three individuals. \*p \< 0.05.

To confirm that MDNCR could bind directly to miR-133a, an RNA binding protein immunoprecipitation (RIP) assay was performed using Ago2 antibody, followed by semiquantitative PCR, confirming the interaction between MDNCR and miR-133a ([Figure 5](#fig5){ref-type="fig"}F). Furthermore, biotinylated miR-133a pull-down was performed to provide further evidence for MDNCR as a candidate ceRNA, and we found a more than 3-fold enrichment of MDNCR in the miR-133a-captured sample compared with the negative control ([Figure 5](#fig5){ref-type="fig"}G).

We speculated and screened GosB as a potential target gene of miR-133a with the bioinformatics software programs RNAhybrid and TargetScan. GosB has a highly conserved binding site in the mRNA 3′ UTR that has 18 putative miR-133a binding sites ([Figure 6](#fig6){ref-type="fig"}A; [Text S3](#mmc1){ref-type="supplementary-material"}). Using a dual luciferase activity assay, we found that miR-133a could significantly decrease *Renilla* luciferase activity in co-transfect with miR-133a mimic and pCK-GosB-3′ UTR-W ([Figure 6](#fig6){ref-type="fig"}B). Moreover, MDNCR recovered the reduced Rluc activity induced by miR-133a. Similarly, we found that miR-133a markedly suppressed the expression of GosB at the protein level ([Figures 6](#fig6){ref-type="fig"}C and 6D). To confirm MDNCR acting as a ceRNA to relieve the miRNA-inhibiting effect on GosB, the cattle myoblasts were treated with pcDNA-MDNCR and/or the miR-133a mimic. Via western blotting and immunofluorescence assays, we found that MDNCR markedly promoted GosB expression, and this effect was abrogated by miR-133a overexpression ([Figures 6](#fig6){ref-type="fig"}D--6F).Figure 6MDNCR Binding of miR-133a Relieves Its Inhibition of GosB(A) RNAhybrid and TargetScan predicted miR-133a binding sites at 18 distinct positions in the GosB 3′ UTR. (B) Cells were co-transfected with the miR-133a mimic and pCK-GosB-3′ UTR-W or pcDNA-MDNCR, and *Renilla* luciferase activity was normalized to the firefly luciferase activity. (C) The mRNA expression of *GosB* was detected by real-time qPCR. (D and E) The protein expression of GosB was detected by western blotting (D), and protein band density was also analyzed (E). (F) The role of MDNCR as a ceRNA was detected by immunofluorescence (GosB) and observed under a fluorescence microscope. Scale bars represent 200 μm. Values are means ± SEM for three individuals. \*p \< 0.05.

miR-133a, which promotes myoblast proliferation and inhibits differentiation, is one of the best-characterized muscle-relevant miRNAs.[@bib37], [@bib38] We showed that GosB was one target gene of miR-133a, and then we asked whether GosB could affect myogenic differentiation. As shown in [Figure 7](#fig7){ref-type="fig"}, overexpression of GosB significantly promoted MyhC expression and induced myotube formation (p \< 0.05), and siGosB inhibited the differentiation of cattle primary myocytes. Together, these findings reveal that MDNCR acts as a decoy to relieve the miR-133a-mediated inhibiting effect on GosB.Figure 7GosB Promotes the Differentiation of Cattle Primary Myocytes(A) The expression of GosB was detected by qPCR. (B and C) Cell differentiation was detected by immunofluorescence (C, MyhC) and observed under a fluorescence microscope (B). Values are means ± SEM for three individuals. \*p \< 0.05.

Effects of MDNCR on Myoblast Differentiation {#sec2.8}
--------------------------------------------

To assess the effect of MDNCR on myoblast differentiation, the expression of established myogenic markers, MyoD, myogenin (MyoG), and myosin heavy chain (MyHC), was detected in primary cattle myoblasts treated with pcDNA-MDNCR or the miR-133a mimic and differentiated for 4 days. We found that the mRNA expression of MyoD, MyoG, and MyhC increased on day 4 relative to day 0, and the expression of MDNCR also significantly increased in cattle primary myoblasts differentiated for 4 days ([Figures 8](#fig8){ref-type="fig"}A and 8B). As seen in the immunofluorescence assay shown in [Figures 8](#fig8){ref-type="fig"}C and 8D, MDNCR markedly promoted MyhC expression and induced myotube formation. Using qPCR and western blotting assays, we found that miR-133a decreased the expression of MyoD and MyoG at the mRNA and protein levels, and these effects were abolished by overexpression of MDNCR ([Figures 8](#fig8){ref-type="fig"}E and 8F). These results demonstrate that MDNCR promotes myogenesis by binding miR-133a.Figure 8MDNCR Promotes the Differentiation of Cattle Primary Myocytes(A and B) The expression levels of MDNCR, MyoD, MyoG, and MyhC in myoblasts differentiated for 0 and 4 days by (A) real-time qPCR and (B) western blotting, respectively. (C and D) Cattle primary myocytes were transfected with pcDNA-MDNCR and/or the miR-133a mimic, and cell differentiation was detected by immunofluorescence (D, MyhC) and observed under a fluorescence microscope (C). (E and F) Expression of the marker genes MyoD, MyoG, and MyhC for myocyte differentiation was detected by qPCR (E) and western blotting (F). Values are means ± SEM for three individuals. The scale bars represent 200 μm. \*p \< 0.05.

Effects of MDNCR on Myoblast Proliferation {#sec2.9}
------------------------------------------

To reveal the role of MDNCR in cattle myoblast proliferation, cell counting kit-8 (CCK-8), 5-Ethynyl-2'- deoxyuridine (EdU), qPCR, and western blotting assays were used. A cell phase assay revealed that MDNCR increased the proportion of cells in G0/G1 phase and decreased the number of myoblasts in S and G2 phases, suggesting that MDNCR may inhibit cell proliferation ([Figures 9](#fig9){ref-type="fig"}A and 9B). The CCK-8 assay revealed that MDNCR could significantly inhibit cell viability (p \< 0.05; [Figure 9](#fig9){ref-type="fig"}C). The EdU assay had similar results ([Figures 9](#fig9){ref-type="fig"}D and 9E). We also detected the effect of MDNCR on expression of the cell proliferation-related genes CyclinD1 and proliferating cell nuclear antigen (PCNA) and found that MDNCR significantly decreased the expression of these genes at the mRNA and protein levels ([Figures 9](#fig9){ref-type="fig"}F and 9G). We also found that miR-133a promoted cell proliferation, and pretreatment of cattle primary myoblasts with the miR-133a mimic followed by MDNCR overexpression resulted in negligible effects on cell proliferation, revealing that MDNCR abrogates the effect of miR-133a on cell proliferation. These results confirm that MDNCR inhibits cell proliferation by sponging miR-133a.Figure 9The Effect of MDNCR on Cell Proliferation(A and B) Cattle primary myocytes were transfected with pcDNA-MDNCR and/or the miR-133a mimic. Cell phases were analyzed by flow cytometry (A) and counted (B). (C--E) Cell proliferation analysis using cell counting kit-8 (C, CKK-8) (C) and EdU incorporation assays (D) and EdU-positive cell index statistics are also shown (E). (F and G)The expression of proliferating cell nuclear antigen (PCNA) and CyclinD1 was detected by (F) real-time qPCR and (G) western blotting. Data are presented as means ± SEM for three individuals. Scale bars indicate 200 μm. \*p \< 0.05.

Effects of MDNCR on Cell Apoptosis {#sec2.10}
----------------------------------

Research has shown that miR-133a inhibits myoblast apoptosis;[@bib39] thus, we wanted to know whether MDNCR could regulate myoblast apoptosis by sponging miR-133a. Hoechst 33342 and propidium iodide (PI) and Annexin V-fluorescein isothiocyanate (FITC) and PI dual staining assays showed that MDNCR relieved the protection effect of primary cattle myoblasts induced by miR-133a overexpression ([Figures 10](#fig10){ref-type="fig"}A--10C). Bcl-2 has been demonstrated to be a pro-survival protein, and we asked whether Bcl-2 participates in the survival-inhibiting effect of MDNCR in myoblasts; thus, the expression of Bcl-2 was quantified in cattle myoblasts pretreated with pcDNA-MDNCR and/or the miR-133a mimic. MDNCR inhibited the expression of *Bcl-2* while increasing the expression of *Bax* ([Figure 10](#fig10){ref-type="fig"}D). Consistently, MDNCR significantly increased the expression of caspase-3 and caspase-9 ([Figure 10](#fig10){ref-type="fig"}D). These results demonstrate that MDNCR binding miR-133a promotes myoblast differentiation and apoptosis by targeting GosB in cattle primary myoblasts ([Figure 11](#fig11){ref-type="fig"}).Figure 10Effects of MDNCR on Cell Apoptosis(A--C) Cell apoptosis was determined by Hoechst 33342 and PI dual staining assays (A) and Annexin V-FITC and PI binding followed by flow cytometry (B) and counted (C). (D) The mRNA of apoptosis marker genes (*Bcl*-2, *Bax*, *Caspase-9*, and *Caspase-3*) was detected using real-time qPCR. Scale bars represent 200 μm. Data are shown as means ± SEM for three individuals. \*p \< 0.05.Figure 11Proposed Model of MDNCR Regulation of Cattle Myoblast Differentiation

Discussion {#sec3}
==========

Most studies exploring the molecular mechanisms of skeletal myogenesis in cattle focus on protein-coding genes; therefore, studies using high-throughput RNA-seq analysis usually investigate protein-coding genes. However, the occurrence and potential functions of lncRNAs in cattle myogenesis remain largely unknown. Using an RNA-seq method, a large number of lncRNAs were identified and annotated in Qinchuan cattle skeletal muscle. We found that most lncRNAs in cattle muscle tissue were of low expression and, accordingly, might be by-products of mRNA. Nevertheless, numerous abundant lncRNAs were differentially expressed between fetus and adult muscle tissues, which revealed that they have a specific role in muscle. Furthermore, certain lncRNAs were predominately or specifically expressed in muscle (for example, MDNCR), which suggests that these lncRNAs are purposefully produced. Consistently, many studies have demonstrated that lncRNAs are not simply the by-products of protein coding genes, and many lncRNAs have been confirmed to play roles during skeletal myogenesis.[@bib23], [@bib24], [@bib26], [@bib27]

Research increasingly suggests that lncRNAs are engaging in epigenetic or transcriptional regulation of neighboring genes in *cis* or in *trans*.[@bib23], [@bib26] Hence, a network of 10 lncRNAs was chosen to search their adjacent coding genes, which may provide new evidence for understanding the lncRNAs' potential functionality in regulating neighboring coding genes. Downregulation of MDNCR had only 1 neighboring coding gene (MRPL23) and was negatively correlated with expression levels of MRPL23. According to the common target miRNAs of lncRNAs and mRNAs, an mRNA-miRNA-lncRNA network was constructed in cattle muscle. We showed that MDNCR had the highest expression level of all downregulated lncRNAs. The tissue expression assay showed that the lncRNA MDNCR was expressed predominantly in muscle, revealing potential roles in cattle muscle development. Software prediction analysis showed that MDNCR contains 32 binding sites of miR-133a, which is one of the best-characterized muscle-relevant miRNAs. Thus, we focused on MDNCR to further explore its role in skeletal myogenesis and found that MDNCR could promote myoblast differentiation and apoptosis. Accumulating evidence indicates that lncRNAs can modulate post-transcriptional regulation; for example, by acting as sponges of miRNAs to titrate them away from their target mRNAs. Thus, they are called ceRNAs.[@bib40], [@bib41], [@bib42], [@bib43] In this study, via software prediction, luciferase screening, and RNA pull-down and RIP assays, MDNCR was observed to sponge miR-133a.[@bib37], [@bib38] We found that MDNCR and miR-133a in myoblasts produced an opposite effect in myoblast differentiation. Consistently, miR-133a protected myoblasts from apoptosis, and this effect could be abolished by MDNCR overexpression, suggesting that the MDNCR miRNA sponge effect works soundly. These results further demonstrate that MDNCR could serve as a regulator of skeletal myogenesis by sponging miR-133a.

Our study provides a catalog of lncRNA expression in cattle muscle tissues. Thousands of lncRNAs were annotated, several of which present a highly different abundance in fetus and adult muscle samples. We further characterized an abundant lncRNA---the most downregulated lncRNA, MDNCR. Our findings suggested MDNCR as a ceRNA to promote myogenesis by sponging miR-133a. We anticipate that these results will be a stepping stone to identifying the genetic mechanisms governing muscle formation and regeneration, which may be implemented in therapies for muscle diseases.

Materials and Methods {#sec4}
=====================

Sample Preparation {#sec4.1}
------------------

Cattle fetuses (90 days) and adult Qinchuan cattle (24 months old) were obtained from a local slaughterhouse in Xi'An, China. In addition, we obtained heart, spleen, kidney, liver, lung, stomach, small intestine, and leg muscle tissues from fetuses. The tissues were taken with informed consent, and all procedures were approved by the No. 5 Proclamation of the Ministry of Agriculture, China.

Library Preparation and Sequencing Analysis {#sec4.2}
-------------------------------------------

Total RNA was extracted from three fetal and three adult Qinchuan cattle *longissimus* muscles, assessed by electrophoresis, and quantified with an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and a NanoDrop spectrophotometer (NanoDrop, Wilmington, USA). Library preparation and Illumina sequencing analysis were described in a previous study.[@bib44]

lncRNA Identification {#sec4.3}
---------------------

Putative lncRNAs were identified with the following steps. Only transcripts of 200 bp or more and multi-exonic transcripts remained. Transcripts with 3 or fewer reads were removed. Among the cuffcompare classes, transcripts annotated as "i," "j," "o," "u," and "x," representing novel intronic, potentially novel isoform, generic exonic overlap with a reference transcript, intergenic, and antisense transcripts, respectively, were kept. The candidate lncRNAs with coding potential calculator (CPC) score \< −1, and coding-non-coding-index (CNCI) score \< 0 were remained. Transcripts with a predicted open reading frame (ORF) of more than 100 amino acids (aa) were removed. Transcripts containing a known protein-coding domain were removed by alignment with the Pfam and Swiss-Protein databases. The raw sequencing dataset supporting the results of this study was deposited in the NCBI GEO database (<https://www.ncbi.nlm.nih.gov/geo/>). The data are accessible through GEO: [GSE86847](ncbi-geo:GSE86847){#intref0015} (<https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc> = [GSE86847](ncbi-geo:GSE86847){#intref0025}).

Gene Ontology and Pathway Analyses {#sec4.4}
----------------------------------

Gene ontology analysis (<http://www.geneontology.org>) and KEGG (<https://www.kegg.jp/>) pathway analysis were performed as described in a previous study.[@bib45]

Co-expression Analysis {#sec4.5}
----------------------

lncRNA could be a *cis* regulator that regulates its nearby genes located at the same chromosome. We performed a co-expression analysis of the genes 100 kb upstream and downstream of the candidate lncRNAs. The enrichment or connectivity was due to position frequency matrix as described in a previous study.[@bib46]

ceRNA Network Analysis {#sec4.6}
----------------------

An mRNA-miRNA-lncRNA network was constructed based on the miRNA mature sequence binding sites on the mRNA and the lncRNAs. The interactions of miRNA-lncRNA and miRNA-mRNA were predicted by RNAhybrid (<https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid>), TargetScan (<http://www.targetscan.org/>), and miRbase (<http://www.mirbase.org/>).

5′- and 3′ RACE {#sec4.7}
---------------

The full-length sequence of MDNCR was obtained using the SMARTer RACE cDNA Amplification Kit (Clontech Laboratories, Palo Alto, CA, USA) as described in a previous study.[@bib36] The specific primers used for 5′ and 3′ RACE were 5′-GAAGTCCGTGTTCCAAGTCCCAGGC-3′ and 5′-CCCGGCCCGGCGACTCCATC-3′, respectively.

RNA Preparation and Real-Time qPCR {#sec4.8}
----------------------------------

Total RNA extraction, cDNA synthesis, and qPCR were performed as described previously.[@bib39], [@bib45] The qPCR analyses were performed using SYBR Green PCR Master Mix (Takara, Dalian, China). For each time point, qPCR was performed on three biological replicates. All qPCR tests were run on the RNA used for Illumina sequencing. *U6* (for miRNA) and *β-actin* were used as the internal controls for normalization of the data. The primers are listed in [Table S5](#mmc1){ref-type="supplementary-material"}, and the 2^−ΔΔCt^ method was used to analyze the relative expression level of the qPCR data.

Vector Construction {#sec4.9}
-------------------

The whole length of MDNCR was cloned into the overexpression vector of pcDNA-3.1(+) using PrimerSTAR Max DNA Polymerase Mix (Takara, Dalian, China). The fragment of the GosB 3′ UTR, including the binding site of miR-133a, was amplified and inserted into the psiCHECK-2 vector (Promega, Madison, WI, USA) at the 3′ end of the *Renilla* gene (pCK-GosB-3′ UTR-W). Similarly, the vectors of psi-CHECK-MDNCR-W (pCK-MDNCR-W) were obtained using the same method. A miR-133a sensor was generated by inserting two miR-133a complementary sequences into psiCHECK-2. The GosB overexpression recombinant adenovirus Ad-GosB and the interference expression recombinant adenovirus Ad-siGosB were prepared in our laboratory.[@bib44] Primer sequences are shown in [Table S5](#mmc1){ref-type="supplementary-material"}. All constructs were verified by sequencing.

Cell Treatment {#sec4.10}
--------------

Primary cattle myoblasts were isolated and cultured from cattle *longissimus* muscle as described previously.[@bib44] For myoblast differentiation, myoblasts were grown to 80% confluence in growth medium (GM), followed by an exchange with differentiation medium (DM) consisting of DMEM containing 2% heat-inactivated horse serum. The DM was exchanged every day. Myoblasts were transfected with the miR-133a mimic or pcDNA-MDNCR using TurboFect (R0531, Thermo Scientific, Waltham, USA) when cell confluence reached approximately 80%.

Cell Proliferation Assay {#sec4.11}
------------------------

To gain insights into the effect of MDNCR on myoblast proliferation, EdU incorporation assays (Ribobio, Guangzhou, China) and CCK-8 (Multisciences, Hangzhou, China) were used, as described previously.[@bib45]

Flow Cytometry for Cell Cycle and Apoptosis Assays {#sec4.12}
--------------------------------------------------

We analyzed the cell cycle using a cell cycle testing kit (Multisciences, Hangzhou, China), as described previously.[@bib45] Cell apoptosis was measured by Annexin V-FITC and PI staining assay as described previously.[@bib45]

Hoechst 33342 and PI Dual Staining Assays {#sec4.13}
-----------------------------------------

Hoechst 33342 and PI double staining (Solarbio, Beijing, China) was performed to analyze cell apoptosis. In brief, after transfection with pcDNA-MDNCR or the miR-133a mimic for 24 hr, cells were incubated with Hoechst 33342 for 15 min at room temperature. Then the cells were treated with PI for 10 min at room temperature. The fluorescence signal was assessed using a fluorescence microscope (DM5000B, Leica Camera AG, Germany).

Luciferase Activity Assay {#sec4.14}
-------------------------

When the cell confluence reached about 80%, the miR-133a mimic, pcDNA-MDNCR, and pCK-GosB-3′ UTR-W were co-transfected into HEK293T cells. Similarly, the miR-133a mimic and pCK-MDNCR-W or miR-133a sensor were co-transfected into cells. After incubation for 24 hr, the cells were washed with PBS and harvested using 200 μL passive lysis buffer (PLB). Dual luciferase activity was measured using an automatic microplate reader (Molecular Devices, Sunnyvale, USA), and *Renilla* luciferase activity was normalized against firefly luciferase activity.

Western Blotting {#sec4.15}
----------------

The total proteins were extracted from cells using the protein lysis buffer radioimmunoprecipitation assay (RIPA) containing 1 mM PMSF (Solarbio, Beijing, China). The extracts were boiled with 4× SDS loading buffer at 98°C for 10 min, and then 20 μg total protein was loaded and separated on 10% SDS-PAGE gels. After electrophoresis, the samples were transferred to a polyvinylidene fluoride (PVDF) membrane that was soaked in formaldehyde and then blocked with 5% skim milk for about 2 hr at room temperature. The membrane was then incubated overnight with primary antibodies specific for anti-MyoD, anti-MyHC, anti-MyoG, anti-PCNA, anti-CyclinD1 (Abcam, Cambridge, England), and anti-β-actin (Sungene Biotech, Tianjin, China) at 4°C. The PVDF membrane was washed three times with tris saline with tween (TBST) buffer and then incubated with secondary antibody for 2 hr at room temperature. β-Actin was used as the internal control with a secondary antibody that was horseradish peroxidase (HRP)-labeled anti-mouse immunoglobulin G (IgG) (Sungene Biotech, China). Finally, antibody-reacting bands were detected using enhanced chemiluminescence (ECL) luminous fluid (Solarbio, China).

Immunofluorescence and Microscopy {#sec4.16}
---------------------------------

Immunofluorescence assay was performed as described previously.[@bib45] The fluorescence signal of the proteins GosB and MyHC was assessed using a fluorescence microscope (DM5000B, Leica Camera AG, Germany).

RIP Assay {#sec4.17}
---------

The Magna RIP RNA-Binding Protein Immunoprecipitation Kit was used to perform the RIP assay (Millipore, Bedford, MA, USA) following the manufacturer's protocol. Briefly, primary cattle myoblasts were collected and lysed using RIP lysis buffer. Then cell lysates were incubated with magnetic beads conjugated with anti-Ago2 antibody (Abcam, Cambridge, England). Then the immunoprecipitated RNA was isolated, and the abundance of MDNCR and miR-133a in bound fractions was evaluated by qPCR analysis.

Biotin-Coupled miRNA Capture {#sec4.18}
----------------------------

The biotin-coupled miRNA pull-down assays were performed as described previously.[@bib47], [@bib48] Briefly, the biotinylated miR-133a (Geneseed, Guangzhou, China) was transfected into cattle primary myoblasts for 24 hr, and then the biotin-coupled RNA complex was pulled down by incubating the cell lysates with streptavidin-coated magnetic beads (Life Technologies, Carlsbad, CA). The abundance of MDNCR in bound fractions was evaluated by qPCR analysis.

Statistical Analysis {#sec4.19}
--------------------

The quantitative results are presented as mean ± SEM based on at least three independent experiments. All data in this study were analyzed by one-way ANOVA for p value calculations using SPSS v17.0 software. p \< 0.05 was considered statistically significant among means.
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